The transcript repertoire of human skeletal muscle has been characterized through sequencing of cDNA clones, resulting in a preliminary description of some 4000 distinct transcripts, representing most of the genes expressed at moderate or high level but only 20%-25% of the skeletal muscle transcriptome. Of those, <5% appear to be expressed preferentially or specifically in muscle based on their frequency of occurrence in different tissues in sequence databases or as measured by cDNA array hybridization Houlgatte et al. 1995; Lanfranchi et al. 1996; Piétu et al. 1996; Murano et al. 1997; Bortoluzzi et al. 1998) .
More than 1000 genes corresponding to muscle transcripts were initially mapped to specific chromosomes using panels of human-rodent somatic cell hybrids Houlgatte et al. 1995; Murano et al. 1997) and to more precise chromosomal bands through radiation hybrid (RH) mapping Schuler et al. 1996; Pallavicini et al. 1997; Deloukas et al. 1998; Bortoluzzi et al. 1998) . Many of the genes involved in inherited neuromuscular diseases have been identified through positional cloning and later confirmed by functional candidate approaches. For example, the gene responsible for a specific form of limb-girdle muscular dystrophy (LGMD) was mapped through linkage mapping to chromosome 15q15 . Among the genes registered in the initial version of the Genexpress Index Houlgatte et al. 1995) and mapped to this region , one appeared to be expressed specifically in muscle, encoding the calpain 3 subunit, and appeared therefore as a candidate gene for the disease . Subsequently, a specific form of this gene was demonstrated to be associated with LGMD2A .
This illustrates the value of integrating sequence, map, and expression information to facilitate the elucidation of the role of specific genes in human muscle physiology and the identification of the genes involved in >40 orphan muscular pathologies that have been associated with a specific chromosomal region of the human genome but for which no specific gene has been identified. To this end, we have developed the Genexpress IMAGE Knowledge Base of the human muscle transcriptome, which is based on the sequence and gene-mapping data registered in Genexpress Index2 (R. Mariage-Samson et al., in prep.) , an upgraded and updated version of the Genexpress Index , and on expression profiling data collected by cDNA array hybridization (Piétu et al. 1996) , following a scheme developed for a prototype integrated resource for functional and computational genomics of the human brain transcriptome (Piétu et al. 1999) .
Based on a preliminary documentation of the expression profiles of 910 human gene transcripts by semiquantitative hybridization of an array of 1091 cDNA clones from a muscle library with complex probes derived from various mRNA sources (Piétu et al. 1996) , we selected a set of 14 transcripts preferentially or specifically expressed in muscle and confirmed their pattern of expression by Northern blot analysis. The 14 transcripts were further characterized by full-insert cDNA sequencing and cDNA extension towards the 5Ј end, and the map location of the corresponding genes was refined by RH mapping.
The entire set of expression profiling data for the 910 genes represented in the DNA array with the associated Genexpress Index2 entries and the detailed characterization of the 14 selected transcripts are available from a dedicated web site (http://idefix. upr420.vjf.cnrs.fr/IMAGE/Page_unique/welcome_ muscles.html). We discuss in more detail through one specific example the difficulties encountered and the solutions adopted in the data integration process and its value for further characterization of the genes involved in human muscle physiology and pathology.
RESULTS
A dedicated web site has been constructed at http:// idefix.upr420.vjf.cnrs.fr/IMAGE/Page_unique/ welcome_muscles.html to provide access to the Genexpress IMAGE Knowledge Base, which integrates annotated and curated sequence, map, and expression data. The content of this web site is presented in a schematic form in Figure 1 and further described below.
Hybridization of 1091 Clones on High-Density Filters
The results of the expression-profiling experiments form the basis of the expression module of the Genexpress IMAGE Knowledge Base of the human muscle transcriptome. These results are based on previous work in which we reported the characterization of expression profiles of human gene transcripts in muscle by analyzing hybridization signatures on high-density filters carrying 1091 selected cDNA clones from a skeletal muscle library (Piétu et al. 1996) . Each filter was hybridized in duplicate with cDNA probes derived from fetal heart, heart, brain, liver, testis, placenta, uterus, thymus mRNA. The 21,820 hybridization intensity values of these first-pass hybridization experiments (based on 1091 clones ‫ן‬ 10 probes in duplicate) are presented in Table A of the web site.
A total of 629 clones (42%) are associated with hybridization values higher than the 1.96 threshold (95% confidence to differ from the population of weak signals) (Piétu et al. 1996) and can be ascribed to the categories of moderate to high abundance, whereas the remainder of the clones have intensity values that cannot be distinguished with confidence from background. Twenty-two percent of the clones have intensity values >1.96 with the muscle complex probe in duplicate experiments. The presence of repetitive sequences was demonstrated not to interfere with the hybridization signal intensity (Piétu et al. 1996) .
Link to the Genexpress Index2
All of the clones of the human skeletal muscle cDNA library used in this study have been clustered and integrated into the Genexpress Index2 (R. MariageSamson et al., in prep.) , an upgraded version of the Genexpress Index . They correspond to 910 clusters or GENX. Clicking on the GENX identifier in Table A leads to the display of the corresponding cluster (called CLNVIEW in the Genexpress Index2), together with details on the clones, sequences, contigs, structural and coding properties, full contig sequence alignments, and relevant links to the corresponding UniGene and The Institute for Genomic Research (TIGR) entries.
Hybridization of 14 Gene Transcripts Preferentially Expressed in Muscle
We identified gene transcripts preferentially expressed in muscle by comparison of the hybridization signal intensity obtained with a probe derived from muscle mRNA to that obtained with probes derived from eight other tissues (fetal heart, heart, brain, liver, testis, placenta, uterus, thymus). Based on comparison of hybridization signal intensities, we have selected for detailed characterization 14 clones corresponding to transcripts preferentially expressed in muscle. These clones display hybridization values >3.29 (99% confidence to differ from the population of weak signals) for the muscle and/or the heart probes and <3.29 with all the other probes (Table 1; Table B on the web site).
Detailed Characterization of 14 Gene Transcripts Preferentially Expressed in Muscle
The three types of data, expression, sequence, and mapping, for each of the 14 GENX can be accessed on the web site through a table containing the appropriate links. Expression data are presented in 2 panels-one corresponds to the hybridization signal intensities (from Table B ); the other presents the results of Northern blot analysis performed on a panel of RNA from eight human tissues, using as a probe a cDNA clone corresponding to each cluster. The muscle-restricted expression profile was confirmed for each of the 14 genes and allowed the determination of the size and number of transcripts.
Sequence data are the result of our cumulative cDNA clone and sequence clustering approach, registered in Genexpress Index2, and provide access to the structural features of the 14 selected muscle-specific transcripts. From each GENX cluster, 1-3 cDNA clones were selected as the most representative, through examination of the arrangement of clones with the CLNVIEW tool developed in Genexpress Index2, and were completely sequenced on both strands. Full-insert sequencing merged several previously disconnected contigs in 12/14 cases.
We then started to produce and sequence elongated cDNA copies of the transcripts. Of the 12 gene transcripts studied, 6 have been extended at their 5Ј end on distances that vary from 0.8 to 1.9 kb. Additional sequence is represented in the CLNVIEW display of each GENX cluster.
The consensus sequences obtained have been updated in terms of sequence similarity with GenBank release 110.0, EMBL release 56.0, SWISS-PROT release 36.0, and SP-TREMBL release 8.0. Results are presented above the CLNVIEW display and classified according to sequence similarity to genomic DNA, mRNA, or protein.
Mapping data have been collected in silicio from the various maps available following a scheme described previously (Piétu et al. 1999 ) and completed through RH mapping experiments performed with the G3 (6 clusters) or the GB4 (4 clusters) panels. The two most relevant data (selected mapping data) are displayed as a table below the schematic representation of the chromosome on the web site. The cytogenetic localization of the genes have been deduced from the cytogenetic data available for the genetic markers found in their vicinity. Orphan pathologies displaying muscular phenotype described so far in each region were retrieved from the GenAtlas data base, thus enabling possible correlation between selected genes and genetic disorder affecting muscle.
Complete mapping information has been schematized for each gene on a figure on the web site and is further accessible by clicking on the link to Genetic and RH maps. In this figure we did not attempt to propose a unique precise assignment for each gene but rather to provide a visual representation of the current state of knowledge that allows a researcher to keep track of the origin of the data used and to review it again if needed.
An Example of Integrated Results: The GENX-3587 Transcript
Integration of the three types of data, expression pro- 
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Clones were selected based on hybridization intensity Ri > 3.29 for the muscle probe and Ri < 3.29 for the other probes, except heart and fetal heart probes. Hybridization intensity values used for the selection are shadowed.
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files, sequence analysis, and mapping, is illustrated in Figure 2 for the case of the GENX-3587 transcript.
Northern blot analysis ( Fig. 2A) confirms the preferential muscle expression of this transcript. A strong signal corresponding to a 4-kb mRNA was detected in muscle and to a lesser extent in heart, whereas faint signals were also visible in pancreas and placenta.
The results of our cumulative clone and sequence clustering, full-insert sequencing, and elongated cDNA approaches for GENX-3587 are displayed in Figure 2B . All of the sequences from the GENX-3587 cluster were present in the corresponding Unigene cluster Hs.10632 (Build#72), which contains another 62 sequences, and they were distributed in three TIGR clusters (HGI Release 3.3) (11 in THC197898 containing 3 more sequences, 7 in THC176652 containing 11 additional sequences, and one singleton). Full-insert sequencing of one clone (yb84b08, IMAGE clone 39953) was performed leading to merge the two contigs initially present in Genexpress Index2 (Fig. 2B) .
Starting from the 5Ј region of the consensus sequence (represented by GenBank accession no. Z42230) and using various RACE (5Ј rapid amplication of cDNA elongation) techniques and DNA library screening by PCR reactions, the cluster was elongated by about 1 kb leading to a 2852-bp consensus sequence. A 270-amino-acid reading frame was detected from nucleotide 1 to 621 of the consensus.
Sequence similarity search in databases revealed that the GENX-3587 consensus sequence is related to a protein encoded by the human KIAA0396 sequence (TREMBL accession no. O43146). It is also related to the mouse (Ventura-Holman et al. 1998) and Caenorhabditis elegans sex-determining protein FEM-1 (Spence et al. 1990 ). Furthermore, it also contains a human erythrocyte ankyrin motif (P16157, Lambert et al. 1990; Lux et al. 1990) and is identical to a human genomic sequence on chromosome 19. Nevertheless, the precise function of the GENX-3587 gene remains to be elucidated.
Mapping data, which were entirely absent in the GeneMap'98, were all produced in this study either through PCR-typing using the GB4 panel (marker b-92e04) followed by integration in the Whitehead framework using the Whitehead RH server or through score submission (marker T51584, RH80896) at the Sanger RH server to establish a link with a GeneMap'98 framework marker. Unfortunately no G3-based mapping data was available for any marker associated with this gene and our typing assays on the G3 panel were made unsuccessful as no linkage was found. The two sets of GB4-based data are schematized in Figure 2C . Integration with the genetic map was immediate for the GeneMap'98 data but rather difficult with the Whitehead data. From the two genetic markers mapped on this framework in the vicinity of the b-92e04 marker, one (AFMa134xb9) had no coordinate in any genetic map, and the other (CHLC-GATA27C12) was mapped in the Marshfield genetic map but had no cytogenetic assignment in GenAtlas. An additional genetic marker possessing these two features was therefore searched for in the intervals of the Whitehead map and was finally found at tier 2 (lod score < 1) as the AFM256yc9 (D19S226) marker (see Fig. 1C ). These difficulties encountered in integrating the data lead to a considerable enlargement of the cytogenetic interval (19p13.1-p13.3) associated with the GENX-3587 gene. However, and although this should be taken with great caution, calculations involving the conversion of the genetic cM and Whitehead cR 3000 scales into Mb strongly suggest that the interval containg the b-92e04 marker is entirely included in the 19p13.3 cytogenetic band. Interestingly enough, the 19p13.3 band corresponds to the cytogenetic localization of an orphan genetic disorder with a muscle phenotype: a muscular dystrophy (MDRV, OMIM 601846) described in GenAtlas as autosomal dominant with rimmed vacuoles and typical inclusion bodies. Further studies are required to determine whether or not the GENX-3587 gene could constitue a bona fide candidate gene for this pathology. It remains that the conjunction of localization at 19p13.3 and muscle-specific expression gives weight to this assumption. Availability of additional data concerning the encoded protein could also help in the future to formulate hypotheses concerning the function of this gene in muscle physiology and/or pathology. In summary, this example demonstrates how the integrated data available in the muscle module of the Genexpress IMAGE Knowledge Base could be used to identify novel candidate genes for orphan genetic disorders affecting human muscles.
DISCUSSION
The approach described here, based on the collection and integration of sequence, mapping, and expression annotated data, constitutes a further development of our IMAGE Knowledge Base of human transcriptomes. Entry into and navigation through the Genexpress IMAGE Knowledge Base of the muscle transcriptome can be envisioned in a variety of different ways.
Five genes illustrate a possible navigation route taking advantage of sequence information to identify structural candidate genes based on the relatedness of the sequence of the gene and its products (transcripts and proteins) to structures of known function. A BLAST analysis using as a query the sex-determination protein FEM-1 would yield as hits partial sequence data corresponding to the GENX-3587 transcript. The Genexpress IMAGE Knowledge Base would then provide access to complete sequence information, together with expression and mapping data. The same is true for four other GENX transcripts characterized in this study. The GENX-4705 transcript encodes a protein strongly related to the rat mitochondrial and liver cytosolic very-long-chain acyl-CoA thioesterase (Lindquist et al. 1998; Svensson et al. 1998) and to the rat acyl-CoA hydrolase (Yamada et al. 1998) . Furthermore, it is identical to Homo sapiens clone zap128 mRNA, which encodes a protein of unknown function. The GENX-6206 transcript appears to be related to the mouse mRNA for a kinesin-like protein (Nomura et al. 1994) , with a probable role in transport of mitochondria along microtubules. A region of the GENX-3446 transcript appears to be distantly related to a human transcript encoding a putative transcription factor XPRF (Quaderi et al. 1997; Van den Veyver et al. 1998 ).
The GENX-6163 gene product is related to Schizosaccharomyces pombe phosphatidyl synthase. Another possible navigation route takes advantage of map information: Where is the gene precisely located, and is there a human pathology associated with the corresponding genomic region? Starting from the cytogenetic localization associated with a human pathology, information concerning human gene transcripts mapped in that region could be retrieved from the Genexpress IMAGE Knowledge Base. Not only the precise mapping with physical linkage to the closest genetic markers, but also complete sequence information and expression data are thus immediately available.
In this study, five orphan pathologies can be considered as possible entry point in search of positional candidate genes: an autosomal dominant muscular dystrophy (MDRV, at 19p13.3, , a hypoplasia of a facial muscle (ACF, 22q11, GENX-6163), the Charcot-Marie Tooth neuropathy type 2A (CMT2A, at 1p36, GENX-6206) in which muscle weakness and amyotrophy have been observed with normal nerve conduction velocity, as well as two heart defects observed either alone (ARVD1, 14q23-q24, GENX-4705) or in combination with other features in the complex DiGeorge syndrome (DGCR, 22q11.2, GENX-6163). In the case of the ventricular septal defect (AVD, GENX-115261), two cytogenetic positions are indicated as the genetic disorder involved is a translocation between the two loci.
The muscle module of our IMAGE Knowledge Base with the 14 examples documented on the web site now provides an updated and integrated vision of current biological knowledge on a set of transcripts preferentially or specifically expressed in muscle and a first step toward a representation of the entire muscle transcriptome. This will require inclusion of the great deal of biological knowledge already registered in the literature and the collection of missing informations by a variety of existing and emerging techniques, with the active participation of the community of biologists who are generating and using the IMAGE Consortium resources.
METHODS Expression Profiling by Semiquantitative cDNA Array Hybridization
The array of 1091 human muscle cDNA clones on highdensity filters, the capture of hybridization signals, and the identification and quantitation of the spots were as described (Piétu et al. 1996) .
Northern Blot Analyses
Northern blots containing 2 µg of poly(A) + mRNA from eight adult tissues were purchased from Clontech (MTN blots). Probe preparation and hybridization of the membranes were performed as previously described (Piétu et al. 1999) . Actin and ubiquitin cDNAs were used as probes to check the presence of similar levels of RNA in each lane.
Clustering of cDNA Clones, Sequences, and Genic Markers
The 1091 clones of the human muscle cDNA array correspond to 910 clusters of clones, sequences, and eSTS markers assembled in the Genexpress Index, or Index1 . To extend the annotation of these clusters, referred as GENX clusters, we relied on a second generation, updated and upgraded version of Index1, called Index2, which contains 63,000 GENX clusters (R. Mariage-Samson et al., in prep.) . Information provided by Index2 was presented in detail in Piétu et al. (1999) .
Production of Elongated cDNA
For each gene, three antisense oligonucleotides (GSP for genespecific primer) were designed at the 5Ј-most region of the previously determined sequence: one for gene-specific reverse transcription and two for nested PCR amplification. Human skeletal muscle mRNA (Clontech) was reverse transcribed using the Superscript II enzyme (Life Technologies) in the presence of either oligodT or GSP. The Marathon procedure (Clontech) was then used to produce a pool of cDNAs that can serve as substrate for PCR amplification of the 5Ј regions of these cDNAs. Alternatively, the 5Ј ends of cDNA clones were specifically amplified from a pooled total cDNA library (human skeletal muscle 5Ј-Stretch Plus, nonoriented cDNA library, or Matchmaker-oriented cDNA library, Clontech) using GSP as an antisense primer and, as sense primer, an oligonucleotide designed in the vector upstream the cloning site at the 5Ј end of the cDNA insert. The PCR products were then cloned into the pCR2.1-TOPO vector according to the TOPO-TA cloning kit (Invitrogen) and the insert size was then checked by PCR with the M13 forward and reverse primers. At least three clones were prepared according to the Wizard DNA minipreparation (Promega) and sequenced on both strands (Gé-nome Express, Paris, France). Sequence alignment between three overlapping clones was used to eliminate mismatches generated by PCR misincorporation or sequencing errors. The Genetics Computer Group (GCG) package of programs was used for assembling and aligning partial cDNA sequences and for generating the consensus sequence. mapping was performed with G3 and Genebridge4 RH panels as described Stewart et al. 1997) .
In some cases RH scores found for a given marker in RHdb were submitted to the RH server available at Stanford for mapping with the G3 panel and at the Sanger Centre for mapping with the GB4 panel. Results are for the two-point RH analysis.
The conversion of the various scales to a common kb scale was performed as previously described (Piétu et al. 1999) .
The web site was implemented as a dedicated server at CNRS (http://idefix.upr420.vjf.cnrs.fr/IMAGE/Page_unique/ welcome_muscles.html) by Brainstorm, Paris.
